The gene encoding tissue-type plasminogen activator (t-PA) is an immediate response gene, downstream from CREB-1 and other constitutively expressed transcription factors, which is induced in the hippocampus during the late phase of long-term potentiation (L-LTP). Mice in which the t-PA gene has been ablated (t-PA-I-) showed no gross anatomical, electrophysiological, sensory, or motor abnormalities but manifest a selective reduction in L-LTP in hippocampal slices in both the Schaffer collateral-CAl and mossy fiber-CA3 pathways. t-PA-'-mice also exhibit reduced potentiation by cAMP analogs and D1/D5 agonists. By contrast, hippocampal-dependent learning and memory were not affected in these mice, whereas performance was impaired on two-way active avoidance, a striatum-dependent task These results provide genetic evidence that t-PA is a downstream effector gene important for L-LTP and show that modest impairment of L-LTP in CAl and CA3 does not result in hippocampus-dependent behavioral phenotypes.
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The hippocampus of the mammalian brain contains three major neural pathways that undergo an activity-dependent change in synaptic strength, called long-term potentiation (LTP). In each of these pathways, hippocampal LTP consists of two components, an early, transient, transcriptionally-independent component [earlyphase LTP (E-LTP)] and a later, persistent, long-term component [late-phase LTP (L-LTP)] that requires protein and mRNA synthesis (1) (2) (3) . Hippocampus-dependent long-term memory (4, 5) , unlike short-term memory, also requires protein and mRNA synthesis, which implies that long-term memory requires the expression of specific genes and proteins (6, 7) . The gene transcription required for long-term memory is thought to result from a leaming-induced increase in neuronal activity, which ultimately leads to the strengthening of preexisting synapses as well as the formation of new synaptic connections. Evidence from Aplysia, Drosophila, and mice indicates that the activation of transcription involves recruitment of the constitutively active transcription regulator CREB-1. This raises the question: What are the genes that are downstream from this transcription regulator?
In the search for immediate response genes downstream from CREB-1, Qian et al. (8) identified tissue-type plasminogen activator (t-PA) as a protein encoded by an immediate-early gene, which is induced by an increase in neuronal activity. t-PA is an extracellular serine protease (9) that is induced in the hippocampus during LTP (8, 10, 11) . Since the release of t-PA correlates with the morphological differentiation of neurons, the increased expression of t-PA may play a role in transcriptionally dependent synaptic plasticity and in the growth of new synaptic connections (10) (11) (12) . To study the role of t-PA in long-term synaptic plasticity and hippocampal-dependent memory, we examined the effect of ablating the t-PA gene on LTP (13) . We found that ablation of t-PA produces a partial reduction of L-LTP in both the Schaffer collateral and the mossy fiber pathways without altering the early phase of L-LTP. These experiments provide the first genetic identification of a downstream effector gene important for L-LTP. Partial disruption of L-LTP in t-PA-'-mice, however, produced no interference with hippocampus-dependent longterm memory but did produce a deficit in two-way active avoidance, a striatum-dependent task.
MATERIALS AND METHODS
Electrophysiology. Transverse hippocampal slices (400-500 ,tM) were placed in an interface chamber and perfused continuously with solution containing 124 mM NaCl, 1.3 mM MgSO4, 4 mM KCl, 1.0 mM Na2HPO4, 2.0 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose. The perfusion solution was bubbled with 95% 02 and 5% Co2 at a flow rate of 1.5-2 ml/min. The temperature of -the recording chamber was maintained at either 28°C or 32°C in different experiments. A stainless steel electrode was used for field excitatory postsynaptic potential (EPSP) recording, and a fine tungsten bipolar electrode was used for stimulation. The position of the electrodes for stimulating and recording in CAl and CA3 was the same as described (2, 14) . Test stimuli were of 0.05-ms pulse duration and 0.016-Hz frequency. LTP was induced by one or four trains of tetanus at the same intensity as test stimuli (100 Hz for 1 s, pulse duration 0.05 ms) in the Schaffer collateralCAl pathway and four trains of tetanus (100 Hz for 1 s) with double-pulse duration (0.1 ms) during tetanus in the mossy fiber-CA3 pathway. The initial slope of the EPSP was measured, and LTP was calculated as percentage change from the baseline EPSP slope. The following drugs were made and stored as concentrated stock solutions and were diluted 1000-fold when applied to the perfusion solution: 100 mM adenosine 3',5'-cyclic monophosphorothioate (Sp-cAMPS; BioLog Life Sciences Institute, Bremen, Germany); 50 mM forskolin (Sigma; in dimethyl sulfoxide); 25 mM (+)APV (Research Biochemicals); and 50 mM R-(+)-6-bromo-APB (Research Biochemicals; in dimethyl sulfoxide).
Behavior. Novel exploration. The activity level of t-PA-/-(n = 6 for each gender) and wild-type (n = 6 for each gender) mice between the ages of 12 and 14 weeks was measured in a novel environment across 10 min using the Automex II system Abbreviations: LTP, long-term potentiation; E-LTP, early-phase LTP; L-LTP, late-phase LTP; t-PA, tissue-type plasminogen activator; EPSP, excitatory postsynaptic potential; PTP, posttetanic potentiation; NMDA, N-methyl-D-aspartate; u-PA, urokinase-type plasminogen activator; CRE, cAMP-responsive element; Sp-cAMPS, adenosine 3',5'-cyclic monophosphorothioate.
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Proc. Natl. Acad. Sci. USA 93 (1996) (Columbus Instruments, Columbus, OH). For each mouse, a clean Plexiglas cage was placed atop the Automex system, which measures capacitance changes produced by animal movements and yields a gross index of activity that does not distinguish between horizontal or vertical movements.
Conditioned fear. On the training day, t-PA-1-(n = 6 each gender) and wild-type (n = 6 each gender) mice were placed in a novel context, a mouse operant chamber (Med Associates). Three minutes after the mouse was placed in the chamber, a 20-s, 75-dB Sonalert tone was presented. During the last second of the tone, a 0.75-mA scrambled footshock was delivered through the grid floor. The footshock was followed by two more tone-shock pairings at 1-min intervals. Memory for the context-shock association was assessed 24 h later by measuring the amount of freezing exhibited by the mice when they were placed back in the same context, and memory for the tone-shock association was assessed in the presence of the tone in a second novel context that differed in terms of visual and olfactory cues. The mice were placed back into the old context for 3 min, and then 2 h later they were placed into the novel context for 3 min, followed by three 20-s tone presentations, each separated by a 1 min interval. Freezing, defmed as a total lack of movement with the exception of respiration, was measured by an observer blind to the genotype of the mice.
Barnes circular maze. Male t-PA-/-(n = 6) and wild-type (n = 6) mice between 12 and 14 weeks of age were tested on the Barnes maze by an observer who did not know their genotype. The Barnes maze is a white disk with 40 holes cut in the perimeter. A long dark escape tunnel is placed underneath one of the holes. By entering the tunnel, the mouse escapes the open, brightly lit maze, which is associated with an aversive noise. The mice navigate to the escape tunnel using the relationships between distal cues in the room. The mice were tested once a day for 35 days until they met a criterion of seven out of eight consecutive days with three or fewer errors. Errors were defined as searching any hole that did not have the tunnel beneath it. The distance from the tunnel during the initial search was calculated by counting the number of holes between the first hole searched and the escape tunnel. On the first day of testing, the mouse was placed in the tunnel and left there for 1 min. One minute later, the first session commenced. At the beginning of each session, the mouse was placed in the middle of the maze in a 10-cm high cylindrical black start chamber, and a buzzer (80 dB) from a timer (Gradlab model 167) was turned on. The timer was affixed to the ceiling over the maze. After 10 s had elapsed, the start chamberwas lifted and the mouse was free to explore the maze. The session ended when the mouse (15) . The platform location was changed after day 3. If the mice employed a spatial strategy to find the platform, then on day 4 they would cross the previous location of the platform more frequently than the analogous locations in the other quadrants.
Active avoidance. t-PA-'-(10 females, 20 males) and wild-type mice (10 females, 20 males) between the ages of 10 and 14 weeks were tested in computer-operated two-way shuttleboxes by an observer who did not know their genotype. The mice underwent five consecutive training sessions of 80 trials per daywith intertrial intervals that varied between 5 and 15 s. The duration of the conditioned stimulus (light) was 20 s, the maximum duration of the unconditioned stimulus (electric shock) was 10 s, and shock intensity was 150 pA. The animal could avoid the shock during the 10-s light period or escape it during the 10-s shock period by running to the other half of the box.
RESULTS t-PA-/-Mice Have a Selective Defect in L-LTP in the
Schaffer Collateral Pathway. We first examined two forms of short-term synaptic plasticity in the Schaffer collateral-CAl pathway: posttetanic potentiation (PTP) and paired-pulse facilitation. In the presence of the N-methyl-D-aspartate (NMDA) antagonist, 2-amino-5-phosphonopentanoic acid (25 ,uM), a single train of 100 Hz for 1 s induced PTP that lasted 1-2 min and was comparable in amplitude and duration in both wild-type and t-PA-'-mice (Fig. 1A ). There was also no difference between t-PA-1-and wild-type mice in paired-pulse facilitation ( Fig. 1B ) and in basal synaptic transmission and the threshold for the field EPSPs.
Earlier work in rats demonstrated that one high-frequency train of stimuli produces E-LTP that lasts longer than 1 h but less than 3 h and is independent of protein synthesis. By contrast, three to four high-frequency trains of tetanization produces L-LTP that lasts 8-10 h and is blocked by inhibitors of translation or transcription (1-3). We compared E-LTP and L-LTP in wild-type and t-PA-1-mice using two tetanization protocols: one Paired-pulse facilitation. There was no difference between t-PA wild-type and mutant mice comparing the EPSP produced by the second pulse and the first pulse in a pair as a function of the time interval between the pulses (n = 5 each). (C) E-LTP induced by a single train oftetanus. Therewas no difference in E-LTP between wild-type and mutant mice (n = 7 each). The same range of baseline EPSP slopes was used for the two groups (0.40-0.60 mV/ms). (17) . Because induction of LTP is affected by temperature and by the intensity of the tetanic stimulus, the defect in L-LTP in t-PA-/-mice was studied at a higher temperature (32°C rather than 28°C) with a stronger tetanus protocol (double-pulse duration during the tetanus). These conditions are close to those in the experiments of Frey et al. (18) , who recently reported that L-LTP appears to be normal in t-PA-/-mice. The higher temperature condition also more closely approximates the in vivo situation where t-PA mRNA increased 1 h after LTP-inducing tetanization (8) . Even with higher temperature and stronger tetanization, a significant difference still remained between t-PA-/-and wildtype mice 3.5 h after tetanization (n = 4 each, p < 0.001) (Fig.  2D) , although the onset of the decay in the mutant mice was now delayed to 2.5-3 h rather than 1-1.5 h.
Potentiation by a cAMP Analog or a D1/D5 Agonist Is Defective in t-PA-/-Mice. The t-PA gene has a cAMPresponsive element (CRE) in its promoter, which responds to cAMP and protein kinase A (19, 20) . Brief application of the membrane permeable cAMP analog, Sp-cAMPS, to rat hippocampal slices produces a slowly developing, long-lasting potentiation that shares common mechanisms with L-LTP (1, 2). We therefore asked: Will t-PA-/-mice with a defect in L-LTP also have a defect in Sp-cAMPS-induced potentiation?
To address this question, we applied Sp-cAMPS (100 ,tM, 15 min) to hippocampal slices and found that whereas the cAMP agonist produced a long-lasting potentiation in wild-type mice (154 ± 17% at 5 h, n = 6), it produced only a slight depression and no potentiation in t-PA-/-mice (85 ± 21% at 5 h, n = 6) (Fig. 3A) . u-PA-/-mice had a normal response to Sp-cAMPS (Fig. 3B) (Fig. 3C ). This defect in the response to the D1/D5 agonist in t-PA-/-mice is consistent with the defect in Sp-cAMPSinduced and tetanus-induced L-LTP. These results suggest that during tetanus-induced L-LTP, activation of a dopaminergic pathway stimulates D1/D5 receptors, which increase cAMP, activate protein kinase A, and induce t-PA.
t-PA-/-Mice Also Have a Defect of L-LTP in the Mossy Fiber
Pathway. A protein and mRNA synthesis-dependent L-LTP has also been found in the mossy fiber-CA3 pathway (14) . In this pathway, we again found no difference in paired-pulse facilitation between wild-type and t-PA-/-mice (Fig. 44) . However, four trains of tetanization (100 Hz for 1 s, with double-pulse duration), which induced stable L-LTP in the mossy fiber-CA3 pathway of wild-type mice, induced a decaying L-LTP in t-PA-/-mice. Three hours after tetanus, L-LTP in t-PA-/-mice (118 ± 6%, n = 6) was significantly smaller than in wild-type mice (181 ± 8%, n = 6, P < 0.01, Student's t test) (Fig. 4B) . Thus, in t-PA-/-mice, L-LTP is defective in both the mossy fiber-CA3 and the Schaffer collateral-CAl pathways. This is of particular interest, because E-LTP in these pathways involves completely different mechanisms. Schaffer collateral E-LTP involves activation of NMDA receptors and a postsynaptic mechanism of induction. By contrast, induction of mossy fiber E-LTP is not dependent on NMDA (open  circles) . However, Sp-cAMPS induced no potentiation in t-PA-/-mice (closed circles) (n = 6 each). (B) Brief application of Sp-cAMPSinduced long-lasting potentiation in both wild-type and u-PA-1-mice (n = 4 each). (C) Brief application of the Dl agonist 6-Br-APB hydrobromide (50 ,uM, 15 min) induced a slowly developing longlasting potentiation in wild-type mice (n = 5). However, no potentiation was induced by the application of 6-Br-APB hydrobromide in t-PA-/-mice (closed circles, n = 5).
receptors, is pre-rather than postsynaptic and requires a cAMPdependent mechanism (14, 22) .
The cAMP agonist forskolin can induce a macromolecular synthesis-dependent long-lasting potentiation in the mossy fiber-CA3 pathway, which shares a common step with tetanus-induced L-LTP (14) . Forskolin induced long-lasting potentiation in wildtype mice, but in t-PA-/-mice it induced normal E-LTP but only a reduced L-LTP. In t-PA-/-mice, potentiation started to decay about 90 min after application of forskolin; by 3 h after tetanus, the potentiation in t-PA-/-mice was significantly different from forskolin-induced potentiation in wild-type mice (114 ± 9% and 193 ± 18%, respectively, n = 5 each,p < 0.01) (Fig. 4C) . These results in the mossy fiber pathway parallel the defect in SpcAMPS-induced potentiation in the Schaffer collateral-CAl pathway of t-PA-/-mice, indicating that in both pathways, t-PA is one of the downstream target proteins of the cAMP cascade. t-PA thus appears to be critical for the late phase of both NMDA-dependent and NMDA-independent LTP. (24) . We examined the activity levels of t-PA-/-and wild-type mice and found that there was no significant effect of genotype, although there was a significant effect of gender (Fig. 5A) . These results suggest that the mutants do not have a deficit in gathering spatial information and also do not have severe sensory, attentional, or motor defects.
To assess more explicitly spatial (place) recognition, we next examined performance on another hippocampus-dependent task, context conditioning, which occurs when a novel environment (context) is paired with an aversive stimulus (a footshock) (25, 26) . If learning occurs, the novel environment comes to elicit fear, as evidenced by freezing (lack of movement) in the mice. We also examined a variation of this task that is not hippocampusdependent but is amygdala-dependent, cued conditioning. In cued conditioning, a discrete neutral stimulus (a tone) is paired with the footshock. As indicated by the amount of time spent freezing on the training and testing days, t-PA-1-and wild-type mice acquired both the tone-shock and context-shock associations ( Fig. 5 BJ and B2) . Surprisingly, female t-PA-1-mice froze significantly more to tone on the training day and to both tone and context on the testing day. This result might be due to either enhanced performance (generalized freezing) or enhanced learning in the female t-PA-1-mice, but in either case it does not suggest a deficit in learning. Thus, both male and female t-PA-1-mice were evidently able to form an internal representation of the context that they used for spatial recognition on the testing day, and they were also able to learn a simple association between a tone and footshock. These results suggest that ablation of the t-PA gene did not severely disrupt functioning of the hippocampus or amygdala during learning. The ability to form an internal representation of an environment can be dissociated from the ability to use that representation to navigate to biologically significant areas within the environment (24, 27, 28) . Both functions are thought to be hippocampusdependent but may not be mediated by the same hippocampal regions or molecular mechanisms. We therefore examined the spatial navigation ability of t-PA-'-and wild-type mice using both the Barnes circular and Morris water mazes. The majority of mice (5 out of 6) in both the t-PA-'-and wild-type groups reached criterion on the Barnes maze. Furthermore, the number of days to criterion was not significantly different for both groups (wild-type median = 28, mutant median = 30) (Fig. 64) , and there was no significant difference between groups in the number of errors across session blocks (Fig. 6B) . The t-PA-'-and wild-type mice were also not significantly different in the accuracy of their initial search across session blocks (Fig. 6C) . These results suggest that both wild-type and t-PA-'-mice were able to remember and use the relationship between the distal cues (e.g., use a spatial strategy) to navigate to the escape tunnel.
In the Morris maze, the t-PA-1-mice did have significantly longer swim paths during both acquisition leaming (days 1-3) and reversal learning (days 4 and 5) (Fig. 7A1) . Longer swim paths might be due to either a deficit in spatial memory or some performance factor such as a motivational, sensory, or motor deficit. Computer analysis of swim paths (29) did not reveal any gross motor anomalies in terms of swimming speed or path tortuosity, indicating that the longer swim paths were not due to a gross motor deficit (data not shown). However, the longer swim paths of the t-PA-'-mice were partially related to thigmotaxis, an increased tendency to swim close to the wall of the pool (r = -0.44,p = 0.0002, n = 68; data not shown). Furthermore, during the first trial of reversal learning, t-PA-1-mice crossed the old platform location as frequently as the wild-type mice (Fig. 7A2 ), indicating that they were able to use a spatial strategy to navigate to the location of the platform. These results suggest that spatial learning was not defective in the t-PA-'-mice, and that their increased swim paths were therefore due to some other deficit.
t-PA-1-Mice Are Impaired on Two-Way Active Avoidance. To further characterize the behavioral deficit of the t-PA-'-mice, we tested most of the mice that had been used in the Morris water maze on two-way active avoidance in a shuttlebox. In this task, the mice could avoid a footshock, signaled by a stimulus light, by running into the second chamber of the shuttlebox. Accurate active avoidance performance is not hippocampus-dependent, but is thought to be striatum-dependent (30) (31) (32) . The t-PA-'-mice were significantly worse at avoiding the footshock, particularly during the last 3 days of testing (Fig. 7B) . We observed no evidence for performance deficits such as reduced footshock sensitivity, motor impairment, or abnormal freezing in any of the mice tested in this task. However, poor active avoidance was significantly correlated with the degree of thigmotaxis in the Morris maze (r = -0.42,p = 0.0008, n = 60). The deficit in active avoidance and thigmotaxis in the Morris maze could both result from an inability to learn the correct motor response, perhaps as a result of striatal disruption. Alternatively, they could both be due to subtle performance deficits we were not able to detect.
DISCUSSION
Our experiments provide a genetic dissection of LTP, which indicates that in the Schaffer collateral and the mossy fiber pathways, LTP has early and late phases that are distinguishable by their requirement for t-PA. These point to t-PA as a critical downstream effector gene for L-LTP and are consistent with the finding that LTP protocols lead to the induction of t-PA. Moreover, the finding that ablation of t-PA selectively blocks L-LTP and not E-LTP is consistent with pharmacological studies suggesting that L-LTP in both the Schaffer collateral and mossy fiber pathways requires new protein and mRNA synthesis and that in both of these pathways the late phase involves cAMP and protein kinase A (1-3) . Furthermore, we find that in the absence of t-PA, cAMP analogs or adenylate cyclase activators cannot induce L-LTP in either the Schaffer collateral or mossy fiber pathways. This result is consistent with the finding that the t-PA gene has a CRE element in its promoter and suggests that t-PA is an (17) . After these studies were completed, Frey et al. (18) reported that L-LTP in t-PA-1-mice was deficient in the presence of the y-aminobutyric acid antagonist picrotoxin, but appeared to be normal in normal saline. By contrast, we found a deficit in L-LTP in t-PA-1-mice in the absence and presence of picrotoxin. The difference between these two results may stem from differences in the extent of tonic inhibition due to y-aminobutyric acid-ergic intemeurons in the different experimental conditions, since tonic inhibition by y-aminobutyric acid-ergic interneurons in hippocampal slices is influenced by many factors, such as temperature and stimulation intensity. Consistent with this possibility, we found that the deficit in L-LTP in t-PA-'-mice had a slower onset at a higher temperature and tetanus intensity (Fig. 2D) .
What is the function of t-PA in the hippocampus? Stimuli that evoke LTP are capable of inducing structural changes, but how this occurs is not known. Perhaps t-PA-mediated extracellular proteolysis activates a ligand that engages a receptor essential for the structural remodeling (33, 34) . t-PA is released from growth cones, and this release is correlated with morphological differentiation and induction (12, 16) . In addition, t-PA seems also to be stored in the microglia of the hippocampus (11) . The release oft-PA from neurons or microglia could contribute to the initiation of activitydependent structural changes in one of several ways: (i) by altering adhesive contacts between neurons (35, 36) , (ii) by changing the spatial and temporal interactions between proteases and their inhibitors, and (iii) by activating a ligand that could bind a receptor in a manner similar to that activated by thrombin (37) .
Our behavioral experiments indicate that although disruption of the t-PA gene produced a deficit in L-LTP in the hippocampus, it did not affect performance on the hippocampus-dependent behavioral tasks that we employed. This contrasts with findings from mice lacking isoforms of CREB, which are also deficient in L-LTP but do show a major defect in hippocampus-dependent long-term memory tasks (38) . The lack of a significant hippocampaldependent behavioral deficit in the t-PA-'-mice despite a defect in L-LTP might be related to two factors. First, since temperature can compensate for aspects of the severity of this defect, it is possible that in the intact behaving animal this defect could be much smaller, as suggested by the results shown in Fig. 2D and those of Freyet al. (18) . Second, unlike the CREB knockout mice, where the defect is reflected in a complete abolition of the late phase, L-LTP is not fully absent in t-PA-1-mice. Perhaps L-LTP needs to be decreased below a certain threshold before a behavioral deficit emerges. If this is so, genetic experiments that interfere with the late phase of L-LTP in a graded and progressive way may reveal the degree of deficit necessary to interfere with hippocampus-based long-term memory storage.
